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Habitat connectivity is important to maintain in order to prevent loss of genetic 
diversity, reduce inbreeding depression, and decrease extinction risk in threatened or 
endangered species. Here I present a landscape genetics study on marbled salamanders 
(Ambystoma opacum) in highly connected forested habitat at Mammoth Cave National 
Park. This investigation of gene flow among ponds within a mostly continuous landscape 
provides data that can be compared with patterns observed in more fragmented 
landscapes. These comparisons can provide a means of investigating the separate effects 
of structural and functional habitat connectivity on amphibian genetic population 
structure. Structural connectivity refers to the pattern of available habitat, and functional 
connectivity refers to the organism’s response to the available habitat (i.e., use of 
alternative habitat types). Five hundred fifty-six individuals were sampled from 50 ponds 
and screened at eight microsatellite loci to look for genetic population structure. Structure 
did exist at the park, with the best predictor of breeding pond isolation being interpond 
distance. Wet deciduous forest appears to offer lower resistance to gene flow in this 
species than dry deciduous or coniferous forest habitat, while the Green River appears to 
serve as a partial barrier to gene flow. Overall, my data suggest that marbled salamanders 
at Mammoth Cave National Park frequently move among breeding ponds, and these 
individuals within these ponds experience extensive amounts of gene flow. This confirms 
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that the seemingly continuous pattern of habitat at Mammoth Cave National Park has 
resulted in well-connected subpopulations that frequently share genetic material.
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Introduction 
Globally, amphibian populations are in decline and many are becoming threatened, 
endangered, or extinct (e.g., Houlahan et al. 2000, Stuart et al. 2004, Lannoo 2005, 
Adams et al. 2012, Collins 2013). Proper management of amphibians and their habitat is 
crucial to reduce extinction risks and preserve biodiversity. Defining and protecting 
amphibian core habitats and maintaining connections among them is a primary concern 
for conservation biologists and is a major step toward protecting declining amphibian 
populations (Semlitsch 2000, Jenkins et al. 2006). 
Habitat connectivity influences many important aspects of biological populations 
(Manel et al. 2003, Crooks and Sanjayan 2006). For example, populations that frequently 
exchange individuals through dispersal should be buffered against loss of genetic 
diversity resulting from genetic drift and inbreeding. Recent studies have analyzed the 
effects of structural and functional components of habitat connectivity on the genetic 
structure of populations (e.g., Hagerty et al. 2011, Sackett et al. 2012, Woltmann et al. 
2012). Structural connectivity refers to the geographic distribution of available habitat, 
and it can be decreased by habitat fragmentation. This can result from natural (e.g., rivers 
or canyons) or anthropogenic landscape features (e.g., roads or agriculture). Habitat 
fragmentation can increase isolation among populations, leading to a loss of genetic 
variation, increased inbreeding depression, and a greater extinction risk for many species 
(Hagerty et al. 2011). Conversely, connected habitat can facilitate gene flow, allow 
regional recolonization of locally extinct populations, decrease inbreeding depression, 
and allow for adjustments in the regional distribution of species (Crooks and Sanjayan 
2006). 
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However, structural connectivity is not the only factor that influences these 
aspects of population ecology (Taylor et al. 2006). An organism’s response to the 
available habitat is referred to as functional habitat connectivity (Brooks 2003). This 
response can include the use of different habitat types throughout the life history stages of 
an individual. Pond-breeding amphibians are well known to use different habitats at 
different stages due to their biphasic life history. But finer scale distinctions are 
frequently overlooked. For example, migration and dispersal refer to two different life 
history patterns in amphibians, with migration being a semi-annual movement of 
juveniles or adults among breeding, foraging, or overwintering habitat (Semlitsch 2008). 
Dispersal, on the other hand, refers to the movement of an individual from its natal 
breeding population to a new breeding population (Semlitsch 2008). Dispersal that results 
in successful reproduction is the mechanism for gene flow (Brooks 2003). Different 
habitat types can have different effects on these movement patterns of individuals, and 
thus the genetic population structure can be affected (Brooks 2003, Taylor et al. 2006). 
The quantification of dispersal has been used to analyze the factors that lead to 
habitat connectivity and the effects of well-connected habitat (Wiens 2001, Uezu et al. 
2005); however, genetic data can be used as a viable alternative to direct measurements 
of dispersal when seeking to analyze the effects of habitat connectivity (Koenig et al. 
1996, Waples 1998, Bohonak 1999, Brooks 2003). The primary difference between direct 
measurement of dispersal and inferences from genetic data is that the former does not 
account for the rate of successful reproduction following dispersal events (Brooks 2003, 
Cushman et al. 2006). Regardless of this difference, both measurements can be used to 
analyze the effects of functional heterogeneity in habitat connectivity on the genetic 
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population structure of a species (Brooks 2003, Stevens et al. 2006, Holderegger and 
Wagner 2008).  
While habitat fragmentation remains an important issue for many threatened or 
endangered species, the effects of structural and functional connectivity can only truly be 
understood when one is studied in isolation from the other. Additional studies need to be 
done on landscapes with continuous rather than fragmented habitat to disentangle the 
confounding effects of structural and functional heterogeneity of habitat connectivity. 
This distinction could be important if the two components of habitat connectivity 
contribute asymmetrically to the genetic isolation of biological populations, and thus to 
the risks of extirpation and extinction. Studying these two components of habitat 
connectivity can help us understand how organisms move through and use a landscape, as 
well as provide information about areas of increased importance to habitat connectivity 
(Hagerty et al. 2011). 
 
Predictions 
With more information about these processes, more informed decisions can be made 
concerning management of aquatic and terrestrial amphibian habitat in order to provide a 
suitable habitat for them as well as finding innovative ways to mitigate the negative 
effects of anthropogenic disturbance. By understanding patterns in both fragmented and 
undisturbed landscapes, we can find ways to accommodate human activity while 
maintaining appropriate habitat and connectivity for amphibian populations. 
 My objective was to analyze the degree of genetic isolation that occurs among 
amphibian habitat breeding locations in a relatively undisturbed landscape. By selecting a 
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landscape with minimal structural heterogeneity of habitat connectivity, the effects of 
functional heterogeneity can be studied more closely. I predicted that the structural 
integrity of the habitat has resulted in many generations of high gene flow among the 
breeding populations, which will be evident in relatively low amounts of genetic 
structure. However, I predicted that any measurable genetic structure will display patterns 
that correlate to differing resistance values of different habitat types. Specifically, I 
predicted that: 
 (1) rivers and roads are landscape features with high resistances to gene flow, and 
 (2) relatively wet habitat types have low resistances to gene flow. 
These predictions should be evident in smaller estimates of genetic differentiation 
between ponds that are separated by wetter habitats than those separated by drier habitats. 
Examples of wet habitats include marshes and swamps, as well as certain wet forest types 
such as bottomlands hardwood forest or pin oak forest, while most coniferous forests are 
examples of dry habitat. 
 
Methods 
Landscape Genetics and Isolation By Distance 
Landscape genetics provides a suitable framework for identifying the interactions 
between habitat connectivity and the microevolutionary processes of a population of a 
species (Manel et al. 2003). In particular, spatially explicit models and genetic data can 
be used in conjunction with straight-line (Euclidean) distances separating populations to 
test hypotheses concerning the effects of specific landscape features on patterns of 
individual movement and gene flow (Manel et al. 2003, Storfer et al. 2006, Keyghobadi 
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2007). Positive correlation between estimates of genetic differentiation and 
measurements of geographic distance is referred to as isolation by distance (IBD). This 
effect has been demonstrated in recent studies of highly fragmented habitats (Pavlova et 
al. 2012, Sackett et al. 2012), but IBD was not detected in a similar study done in a 
partially fragmented habitat (Woltmann et al. 2012). The magnitude of IBD would be 
expected to increase with the proportion of habitat fragmentation as the occupying 
species become increasingly less able to complete dispersal movements through 
unsuitable matrix (i.e., the space in between habitat). In a hypothetical case of perfect 
IBD correlation, functional habitat connectivity has no effect on genetic population 
structure; thus, this model can be used as a null hypothesis when testing for the effects of 
functional habitat connectivity. 
 
Isolation By Resistance 
Any variation in genetic population structure that is not explained by IBD or stochasticity 
is likely to be explained by functional connectivity. A recently developed model utilizes 
circuit theory to analyze these effects using electrical conductance as a model for gene 
flow (McRae et al. 2008). Resistance to gene flow is likewise modeled using electrical 
resistance values that are assigned to each habitat type. These values can be assigned by 
consulting the opinions of researchers familiar with the field of study, known as “expert 
opinion”, species presence/absence data, or iterative likelihood model evaluation. 
Pairwise resistances between ponds are calculated based on the composition of the 
intervening habitat. Correlation between these pairwise resistance values and the pairwise 
estimates of genetic differentiation is referred to as isolation by resistance (IBR). 
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 Several classes of landscape features have the potential to contribute to functional 
habitat connectivity. These features can be biotic or abiotic, and have natural or 
anthropogenic causation (Chambers 2008, Lee-Yaw et al. 2009, Murphy et al. 2010, 
Popescu and Hunter 2011). Abiotic anthropogenic factors include roads and highways, 
buildings and parking lots, and modified topography, while biotic anthropogenic factors 
include agriculture, orchards, and lawns. Natural abiotic factors include topography and 
water distribution, and natural biotic factors include community species compositions and 
the distribution of conspecifics. 
 
Amphibian Habitat 
Amphibians have life history patterns that involve both terrestrial and aquatic stages; they 
are often aquatic as larvae and terrestrial as adults. Amphibians that breed in discrete 
aquatic habitats provide an excellent model for population genetics due to predictable 
spatial and temporal transitions between life stages. Additionally, due to these unique life 
history patterns and their thin, permeable skin, amphibians are more susceptible to 
changes in both terrestrial and aquatic habitat (Wilbur 1980, Johnson et al. 2008). 
Although most amphibians are aquatic breeders, many spend a large portion of their post-
metamorphic lives in terrestrial upland zones surrounding the bodies of water in which 
they breed (Semlitsch 2000, Semlitsch and Bodie 2003, Harper 2007, Johnson et al. 
2008). In order to ensure the preservation of such amphibian populations, both aquatic 
and terrestrial core habitat must be conserved in quantities adequate for sustaining the 
processes of breeding, foraging and hibernating/aestivating. These processes often have 
complex relationships and dependencies on habitat type, such as the initiation of breeding 
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behaviors in the terrestrial habitat surrounding a pond, or foraging behavior occurring in 
both aquatic and terrestrial core habitat throughout the year (Patrick et al. 2008). 
 The ultimate reliance of many species on aquatic habitat for annual breeding 
patterns results in a relatively high concentration of breeding adults in that habitat during 
particular times of the season, along with the subsequent high density occupancy of eggs 
and larvae. This temporary increase in localization of the population suggests that 
amphibians fit a metapopulation model, where breeding ponds each represent one 
independent subpopulation, or “deme”, of an overall population of subpopulations. The 
issue concerning how well a traditional metapopulation model fits the complex dynamics 
of amphibian populations via a ponds-as-patches perspective is unresolved (Gill 1978, 
Marsh and Trenham 2001, Smith and Green 2005), but for the purposes of this study each 
pond was treated as a separate subpopulation. 
 Amphibians express variable patterns of migration and dispersal throughout the 
habitat and matrix that surrounds breeding sites (Gamble et al. 2007, Graeter et al. 2008, 
Semlitsch 2008, Freidenfelds et al. 2011, Popescu and Hunter 2011). In order to fully 
understand these patterns, data from both disturbed and undisturbed habitat should be 
analyzed. While it is important to understand the severity of isolation that may occur 
among populations in fragmented landscapes, it is also important to understand the 
dynamics of a system in which habitat is seemingly continuous. 
 
Temporal Variation 
Since the features of a landscape may change over time, it is important to understand that 
any measurable genetic population structure is the result of landscape genetics 
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interactions in the past. The effects of temporal variation in habitat connectivity on 
genetic population structure over a recent time scale can be mitigated by conducting all 
sampling in the same field season. Long-term variation, however, is likely to have 
already manifested its effects, if any, on the genetic structure. Different types of 
molecular markers can be used to assess time-dependent variation, and thus long-term 
temporal variation in habitat connectivity can be evident in the genetic data. Marker types 
that accumulate variation very slowly (e.g., nuclear protein coding loci) could potentially 
contain genetic structure that is the result of an unknown, antiquated geographic structure 
of the population. Marker types that amplify regions of relatively high mutation rates 
(e.g., microsatellites) can detect variation that has arisen more recently (Thomson et al. 
2010). It is theoretically possible to use multiple genetic marker types that have been 
designed to look for variation arising across different temporal scales in order to assess 
any dissimilarity of heterozygosity among marker types. However, when conducting a 
landscape genetics study using only one marker type, microsatellites are considered to be 
the most appropriate precisely because they have the potential to detect more recent 
variation than other marker types (Wang 2011). For this reason, I have chosen to use 
microsatellites in this study. 
 
Study species 
The marbled salamander, Ambystoma opacum, is a secretive salamander that occurs in 
the Eastern United States from New Hampshire to Florida and west to Texas (Lannoo 
2005, Scott 2005). Adults reach a typical size of 10cm total length, and spend much of 
their lives in burrows or other upland locations away from ponds or other bodies of water 
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(Smith 1961, Minton 1972). Breeding occurs in the fall from September to November, 
when they migrate from their terrestrial summer refugia back to breeding sites for 
courtship and mating (Barbour 1971, Pfingsten and Downs 1989), although some mating 
behavior takes place before the migration is completed (Krenz and Scott 1994, Johnson 
2000). Some adults overwinter within 30m of the breeding habitat and perform another 
migration in the spring (Williams 1973, Douglas and Monroe, Jr. 1981), with the average 
migratory distance away from breeding habitat being measured at 195m (Williams 1973). 
However, a habitat margin of 300m has been identified as being necessary to preserve 
core habitat for this and other species (Semlitsch and Bodie 2003). Adults are often 
philopatric to the same breeding habitat (Compton et al. 2007), performing seasonal 
migration events to and from the same location; dispersal is a separate and distinct 
movement pattern that results in an individual occupying breeding habitat other than its 
natal pond (Semlitsch 2008). Some dispersal events have been indirectly observed at 
distances exceeding 1km (Gamble et al. 2007). The irregular temporal range of this 
species’ breeding season allows for niche partitioning with other Ambystoma species, and 
helps prevent overpopulation and overconsumption of resources by multiple species of 
salamander larvae in the same breeding pond (Douglas and Monroe, Jr. 1981). However, 
the breeding strategy of A. opacum is reliant upon the early portion of a pond’s 
hydroperiod, rather than its end; this may cause some ponds to be less suitable as 
breeding habitat for A. opacum than for other members of the genus, depending on when 
the pond fills with water. 
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Study Landscape 
Our study landscape, Mammoth Cave National Park (MCNP; 37° 11’ N, 86° 6’ W), was 
designated as a national park in 1941, and named an International Biosphere Reserve in 
1990. MCNP provides a model landscape for testing microevolutionary processes such as 
population structure and gene flow because the breeding ponds at this location are 
connected by relatively uninterrupted habitat (exceptions being primarily the Green River 
and its tributaries, and both gravel and paved park roads or trails). I identified all possible 
sampling localities within a convex polygonal area within the park boundaries using a 
variety of methods. Topographic map data, GIS wetlands layers, Google Earth imagery, 
park ranger knowledge, and random encounters were all used to locate ponds containing 
Ambystoma opacum larvae; some ponds were confirmed by more than one resource, 
while others were identified by only one of the preceding methods. 
 
Sampling and Extraction 
Between January and April 2012, I visited 60 ponds at MCNP and found A. opacum 
larvae in 52 of them. I captured larvae with dip nets and collected a small (~1cm) tail 
clipping from 12-30 individuals per pond. I immediately stored the tissues in 95% 
ethanol. Tail clipping is the most efficient method for obtaining DNA samples from 
larval pond-breeding amphibians and typically has little effect on individual survival 
(Wilbur and Semlitsch 1990). All of the tissue collecting was done in the field and 
individual salamanders were promptly released. All collecting was supported by 
Kentucky Department of Fish and Wildlife permit #SC1211057 and Mammoth Cave 
Scientific Research and Collecting permit # MACA-2012-SCI-0001. On one occasion, 
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fewer than 12 larvae were found despite extensive searching. Another pond that was 
visited in early January, and was confirmed to be full of water with A. opacum larvae 
present, was revisited for sampling in February and found to be dry. Those two ponds 
were precluded from the final dataset, leaving data from 50 ponds in the analyses (Table 
1). Tissues were brought back to the lab for DNA extraction using standard phenol-
chloroform, DNEasy Blood and Tissue Kits® (Qiagen Inc.), or protein precipitation 
methods. 
 
Building a Multi-Locus Genotype 
I used the extracted DNA to screen for amplification and polymorphism of microsatellite 
markers at 10 loci that were described in A. opacum (Nunziata et al. 2011; Table 2). I 
used the universal fluorescent labeled primer method described in Nunziata et al. (2011) 
and multiplexed the PCR products from all markers from each individual to save on 
costs. These multiplexed PCR products were either scored using a 3130 Genetic Analyzer 
and GeneMapper ® v3.7 software (Applied Biosystems, Inc.) or they were scored with a 
3730xl 96-capillary DNA Analyzer by the University of Georgia Genomics Facility. 
 
Genetic Population Structure 
I used the program Micro-Checker 2.2.3 (van Oosterhout et al. 2004) to look for 
deviations from Hardy-Weinberg Equilibrium (HWE) or the presence of null alleles. I 
then quantified the number of genetic clusters using STRUCTURE 2.3.3 (Pritchard et al. 
2000). I performed the “admixture based on pre-defined populations” analysis using 
breeding pond of origin as prior information (Wang et al. 2009). I used 100,000 
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repetitions for the burn-in period and 1,000,000 Monte Carlo repetitions after burn-in 
with sampling information as prior location information. I then used the Evanno ΔK 
method (Evanno et al. 2005) using the program STRUCTURE HARVESTER (Earl and 
vonHoldt 2012) for selecting the most likely number of breeding population clusters. I 
then quantified genetic population structure across the landscape using an analysis of 
molecular variance (AMOVA) in GenAlEx (Peakall and Smouse 2006, 2012) at three 
hierarchical levels: among populations, among individuals, and within individuals. I 
calculated FST for pairwise comparisons between populations in GenAlEx and observed 
and expected heterozygosity (Wang et al. 2009). Lastly, I estimated gene flow using 
BayesAss+ (Wilson and Rannala 2003).  
 
Geographic Distances and IBD 
I used GPS coordinates recorded at each sampling locality and the ArcGIS component 
ArcMap (Esri, Inc.) to calculate pairwise geographic distances between the ponds. I 
performed a Mantel test in the statistical program R (R Core Development Team 2011) to 
look for significant correlation between a matrix of pairwise geographic distances and a 
matrix of estimated pairwise genetic differentiation (Wang et al. 2009). Matrices were 
first tested for correlation, then randomized and tested for correlation under each random 
permutation to obtain a p-value for the unmodified matrices. A significant correlation 
between these two matrices indicates an effect of genetic isolation based on geographic 
distance (IBD).   
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Analyzing Landscape Influences 
One of the challenges in analyzing the effects of landscape features on microevolutionary 
processes is finding an accurate method for quantifying those landscape features into a 
statistical model. Recent work has incorporated aspects of electrical circuit theory, 
namely electrical conductance and resistance, to model the process of gene flow across a 
landscape (McRae 2006, McRae and Beier 2007). Areas with estimates of high gene flow 
correspond to low-resistance surfaces, while high-resistance surfaces correspond to areas 
with estimates of low gene flow. These surfaces are created by assigning electrical 
resistance values to each habitat type in a landscape using expert opinion, species 
presence/absence data, or iterative processes that gradually improve the fit of an IBR 
model. The program Circuitscape 3.5.8 (Shah and McRae 2008) used these resistance 
values to create pairwise resistance matrices that can be used as spatially explicit models 
to test for correlation with estimates of genetic differentiation. 
 Using data from the US Geological Survey (USGS 2011), I created a raster layer 
with each habitat type being assigned to a resistance category based on the primary 
vegetation type and expert opinion of wet vs. dryness of the habitat (Table 3). I also used 
expert opinion exclusively in one model using the resistance values assigned to each 
habitat according to the mean opinion of seven experts (Compton et al. 2007, also 
referenced in Greenwald et al. 2009a). I also created a raster layer of slope to analyze the 
potential effect of topography on dispersal and genetic population structure. To evaluate 
the relative importance of each habitat feature to the dispersal and gene flow of A. 
opacum, I created ASCII files of the habitat category raster layers with a cell size of 
30m2. Then I exported those ASCII files to Circuitscape using the Export to Circuitscape 
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Tool (Jenness 2010) and used Circuitscape (McRae 2006) with each pond representing a 
focal node to calculate pairwise resistance matrices. I used the genetic distance matrix, 
geographic distance matrix created in ArcGIS, and resistance matrices created in 
Circuitscape to conduct partial Mantel tests using R. A partial Mantel test is similar to a 
full Mantel test, except that a third matrix is introduced as a control matrix, in this case 
the matrix of pairwise Euclidean distances. This allowed me to control for the effect of 
distance while simultaneously testing for correlation between estimates of genetic 
differentiation and our pairwise resistance matrices.  
By iteratively changing the relative resistance values of a single habitat category 
at a time, and checking the resulting change in model fit as determined by the correlation 
of the partial Mantel r values, I was able to systematically approximate the most accurate 
resistance model. The resistance ratios were the only important metric for this analysis 
(i.e., resistance values of 10,11,12,13,14 and 100,110,120,130,140 have the same ratios 
among them, and would return the same statistical results). I used iterative correlation 
testing to find the most likely resistance ratio for each habitat category while leaving all 
other categories the same; I repeated this process for each category. Once I determined 
the most likely resistance value for a single category, I began iteratively changing the 
other categories one at a time. I found that this process converged on the same resistance 
ratios no matter which category we started with. Lastly, I generated a current heatmap in 
Circuitscape and imported it for viewing in ArcMap to visualize the most likely 
movement patterns of our study species. 
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Results 
A total of 556 individuals from 50 ponds were included in my analyses (Table 1). One of 
the 10 microsatellite loci failed to amplify consistently across samples, and Micro-
Checker identified deviations from HWE and the likely presence of null alleles in a 
second locus. This left me with a final panel of 8 markers (Table 2).  
 My global Fst value was relatively low (0.043). The AMOVA for genetic 
population structure indicated that the majority of genetic variation occurred within 
individuals (90%), with relatively small amounts of variation among individuals (5%) or 
populations (4%, Table 4). 
 The correlation between matrices of genetic differentiation and geographic 
distance indicated a significant relationship between genetic distance and geographic 
distance (or IBD) (Mantel r = 0.1799, p = 0.016; Fig. 1). This effect was confirmed by an 
IBR test with every habitat type assigned to the Ω = 1 resistance category, as resistance 
accumulates with distance (Mantel r = 0.115, p = 0.041). The inclusion of a third matrix 
of landscape resistance values did not improve the correlation of our geographic and 
genetic data. However, 75 of our landscape resistance models did have significant 
correlation to the estimates of genetic differentiation (Table 5). The model with the 
highest r-value is indicated in bold. 
Expert opinion alone from Compton et al. (2007) was not significantly correlated 
(r = 0.061, p = 0.24). The landscape resistance model with the highest r value (0.149, p = 
0.028) assigned the following resistances to the 5 habitat categories: wet deciduous forest 
= 1.0, dry deciduous forest = 1.38, coniferous forest = 1.63, human influence = 1.38, 
water = 2.88 (Fig. 2). This was the model that I used to generate the heatmap in 
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Circuitscape (Fig. 3). Another significantly correlated model, but with a smaller r value (r 
= 0.139, p = 0.016), assigned the following resistances to the same five categories: wet 
deciduous forest = 1.1, dry deciduous forest = 1.2, coniferous forest = 1.3, human 
influence = 1.0, water = 2.0. Models that incorporated slope returned insignificant results. 
The results from Structure Harvester indicated that three breeding clusters occur 
at Mammoth Cave National Park, according to the delta-K method from Evanno et al. 
(2005; Fig. 4). Structure successfully assigned probabilities to each population (Fig. 5), 
and I created pie charts to visualize these breeding clusters over a map of MCNP (Fig. 6). 
Many of the ponds in the southeastern region of the park were assigned to the same 
breeding cluster, but there was no distinct geographic distribution of these three breeding 
clusters (Fig. 6). 
 
Discussion 
Understanding connectivity among populations across landscapes remains an important 
pursuit in conservation biology. This study evaluated patterns of gene flow in a landscape 
that has been federally protected for the last 72 years. This landscape should represent a 
baseline level of gene flow with which to compare metapopulations in more fragment 
landscapes. Therefore, I expected movements among aquatic breeding sites to be high 
throughout the landscape with possible barriers including a river and a network of park 
roads.  
Rivers did pose greater resistance to dispersal as measured by gene flow in my 
study species, but I did not detect a similar effect for roads. Furthermore, models with 
lower resistances assigned to the wet deciduous forest and higher resistances assigned to 
17	  
	  
dry deciduous forest and coniferous forest consistently showed a better model fit than 
those with the opposite pattern.  
Landscape genetics analyses detected no complete barriers to dispersal in my 
study species at this landscape. However, I did detect several effects that indicate some 
habitat types impart a greater resistance to dispersal movements than others. The 
strongest such effect that I detected was that of surface water, which at my landscape was 
primarily composed of the Green River. Ponds separated by river crossings tended to be 
more differentiated than those without intervening water habitat. This supports the 
findings of a previous study on Ambystoma that found a major population disjunction 
separated by a river (Pauly et al. 2007), but the opposite effect has also been 
demonstrated in this genus (Spear et al. 2005). Although one might expect a major river 
to present a complete barrier to a dispersing salamander, these organisms are semi-
aquatic and have several adaptations that could facilitate aquatic movements. The tails of 
metamorphs are slightly dorsoventrally flattened (personal observation) and their bodies 
are smooth and relatively streamlined. It is possible that the flow rate of the Green River 
is slow enough to facilitate occasional movements across this body of water. Such 
movements could introduce the effects of predation by taxa including bass, crappie, 
walleye, catfish, or sunfish. The negative effects of fish predation on amphibian richness 
and distribution are well documented (e.g., Hecnar and M’Closkey 1997, Smith et al. 
1999). The largest pond from which I sampled, Sloan’s Crossing Pond, is a permanent 
body of water that contains fish and turtles. Although the largest and one of the most 
centrally located ponds, it required the most extensive searching of its peripheral regions 
in order to locate the requisite number of individual larvae. While it is possible that 
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similar quantities of adult A. opacum breed at this pond compared to others, and that the 
larvae are simply more dispersed throughout the larger pond size, it is also likely that 
predation by fish and turtles is a limiting factor in this microhabitat. Based on my 
findings that interpond distance was the greatest predictor of genetic pond isolation, and 
the relative proximity of Sloan’s Crossing Pond to the other ponds I sampled, I would not 
predict that this pond would be especially avoided by A. opacum breeding adults, unless 
some other factors are at play. While this pond exists at the intersection between two of 
the park’s major roads, my analyses did not indicate that roads imparted a greater 
resistance to dispersal and gene flow than the surrounding habitat types. 
 My results confirm those of a similar study using resistance kernels to model 
vernal pond connectivity, in which the variance in connectivity scores based on pool 
configuration (i.e., pond density and interpond distance) and landscape resistance were 
inseparable (Compton et al. 2007). However, those results also suggested that pool 
configuration was more important for determining habitat connectivity than differential 
resistance of landscape features.  
While the significant result of my Mantel test for IBD lended further evidence to 
this conclusion, it was not a hypothesis that I addressed directly in my analyses for this 
study. The heatmap for relative gene flow (Fig. 3) depicts brighter areas that correspond 
to high pond density. Comparing two landscapes with high and low pond densities, 
respectively, may help elucidate the effects of pool configuration on the population 
connectivity in this species. However, IBD provides a quick and simple method for 
quantifying the effects of interpond distance on genetic isolation. 
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My landscape-wide estimate of genetic differentiation was slightly lower (0.043) 
than one from a previous study on A. opacum in Ohio (0.056, Greenwald et al. 2009b). 
Greater interpond distances were correlated with greater population isolation in the Ohio 
study, with agriculture being the only other feature included in the model with best fit 
(Greenwald et al. 2009b). However, when using landcover models to predict population 
isolation in this species, the best model incorporated agriculture and maximum pond 
volume (Greenwald et al. 2009a). Both studies conclude that greater interpond distances, 
the presence of agricultural land use, and smaller pond volume are associated with greater 
population isolation. My study landscape did not contain a large amount of land with 
current or recent agricultural land use, and I did not estimate pond volume in this study. 
However, I did find that interpond distance was the best overall predictor of population 
isolation. Although the largest pond from which we sampled was also the most difficult 
pond at which to find A. opacum larvae, we do not have enough data to make any 
conclusions concerning the effects of pond size and intrapond structure on its suitability 
as breeding habitat for our study species. Future studies at this landscape that incorporate 
estimates of pond volume or other metrics such as species compositions or algal 
concentrations could confirm with genetic data the significance of pond volume and 
intrapond features for population connectivity as detected by landcover models. In other 
studies (Greenwald et al. 2009a, Greenwald et al. 2009b), the metric of pond volume 
explained approximately 30-45% of genetic variation. A model that incorporates 
interpond distance, pond volume, and pond density at a landscape could help explain an 
even larger proportion of the genetic population structure, and that remains a hypothesis 
that could be tested in future studies. 
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Habitat Resistances 
Several trends became apparent during iterative model correlation testing. First, 
permuting the 5 combined habitat categories between two resistance values (Ω = 1 and Ω 
= 2) resulted in only three models with significant correlation. Those three models were 
the null model of all habitat Ω = 1 (r = 0.115, p = 0.041), the model with the Green River 
in the Ω = 2 category (r = 0.128, p = 0.031), and the model with anthropogenic habitat 
being in the low-resistance Ω = 1 category (r = 0.102, p = 0.047). Although we predicted 
that anthropogenic habitat features would be associated with limited dispersal ability in 
our study species, we found weak evidence for the opposite effect at our study landscape. 
This could potentially be due to the limited amount of habitat that we were able to 
include in this category in our analyses (Fig 2). It is possible that a landscape with a 
greater proportion of anthropogenically-modified habitat would better demonstrate the 
effect of these habitat features on the migration and dispersal processes of our study 
species. However, it is also possible that our analyses determined this effect with 
accuracy. The most widespread habitat feature that was included in this category at our 
landscape was roads, which can function as dispersal corridors on rainy nights (Birchfield 
and Deters 2005). This habitat feature has the potential to facilitate dispersal movements 
by providing a relatively smooth surface that retains surface water. It is possible that this 
effect outweighs the effect of vehicle mortality, especially since most migration and 
dispersal movements are completed by individual salamanders at night (Williams 1973), 
when traffic volume is likely to be lower. Additionally, the status of our study landscape 
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as a national park may lead to this landscape having a different effect of roads than 
another landscape with different traffic patterns.  
Amphibians are generally thought to have poor dispersal abilities (Blaustein et al. 
1994), and our species is highly philopatric (>90%, Gamble et al. 2007), which could 
potentially increase the effects of habitat type on genetic population structure (Funk et al. 
2005). Indeed, amphibians generally have higher Fst values than other taxa (e.g., Fst = 
0.315 for 33 species of amphibians, Fst = 0.076 for 16 species of birds; Ward et al. 1992). 
It is possible that a complete barrier to dispersal is not necessary in order for population 
divergence to occur. Divergence with gene flow has been inferred from populations of 
salamanders in Tennessee cave systems (Niemiller et al. 2008). However, this system 
involves species that are specialized to cave habitats, and the size and location of the 
caves limits the distribution and abundance of these species. Conversely, A. opacum 
seems to be a habitat generalist across multiple forest types. Patterns of migration in A. 
maculatum were observed to be highly unidirectional, and seemingly unaffected by 
topography or vegetation (Douglas and Monroe, Jr. 1981). 
Although we found no significant correlation between estimates of genetic 
differentiation and habitat resistance values based on expert opinion, we did incorporate 
some aspects of expert opinion into our own iterative analyses. The five habitat 
categories that we used for our IBR model testing were created by expert opinion of 
ecologically significant features (e.g., forest type and wetness). Increasing the number of 
habitat categories drastically increases the total amount of time and computer resources 
that are required to analyze habitat resistance effects. Advances in computer processing 
power could allow for better model testing in the future, with automated processes that 
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incorporate different resistance categories for each habitat type as identified by the USGS 
data layers. Until then, one of the primary challenges associated with landscape genetics 
studies remains our ability to parameterize ecologically significant landscape features. 
While a solution to this challenge has yet to be optimized, our ability to test for genetic 
differentiation based on pond structure and the structural connectivity of habitat indicates 
that interpond distance is a critical aspect of managing pond-breeding amphibian 
populations. Further analyses could incorporate the number and density of ponds at a 
landscape to determine if the presence of multiple ponds within a geographic area results 
in a more connected population and a lesser extinction risk than a single pond consisting 
of the same overall size.  
 
Conservation Implications 
Our study landscape presented an excellent opportunity to test for the effects of 
functional connectivity on population isolation. Given that MCNP is a relatively 
continuous habitat for A. opacum, the observed patterns of genetic structure can serve as 
a baseline upon which to compare patterns of structure in more modified systems. Unlike 
studies of genetic structure in more modified landscapes, we did not find any strong 
effects of habitat type on genetic structure; Ambystoma opacum is not sensitive to the 
level of habitat heterogeneity present at Mammoth Cave. However, the more drastic 
contrasts between habitat types that exist in more modified landscapes have been shown 
to affect movement patterns and resulting genetic structure. The three categories of forest 
that we analyzed are well distributed throughout the park (Fig. 2), and the absence of 
habitat-related effects indicates that A. opacum is well adapted to disperse through 
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multiple habitat types, or to use each forest type for upland habitat. However, these 
salamanders may in some way be dependent on the presence of one or more of these 
forest types for foraging, overwintering, or pond presence. The low Fst values and high 
levels of gene flow indicate that this landscape is an excellent habitat for A. opacum. 
Furthermore, since our study species is dependent on bodies of standing water for 
reproduction, we can consider pond configuration and interpond distances as 
representative features of structural connectivity. The greatest predictor of genetic 
isolation in our study was geographic distance, indicating that structural connectivity is 
more important for marbled salamanders than forest type (i.e., functional connectivity) in 
continuous landscapes such as Mammoth Cave National Park. Future studies that 
incorporate measurements of intrapond characteristics could be helpful for determining 
the conservation needs of this and other pond-breeding amphibian species. In protected 
landscapes, the distribution and abundance of ponds may contribute more to the 
persistence of pond-breeding amphibian populations than the forest type surrounding the 
ponds.  
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Figure 1: Scatterplot showing 1,225 pairwise Fst values based on log-transformed 
interpond geographic distance (i.e., Isolation By Distance, or IBD) 
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Figure 2: Map of the five habitat categories at Mammoth Cave National Park. Blue is 
water; gray, human influence; yellow, dry deciduous forest; light green, wet deciduous 
forest; dark green, coniferous forest. 
  
36	  
	  
Figure 3: Heatmap of high-current areas representing gene flow of Ambystoma opacum 
salamanders at Mammoth Cave National Park. Lighter areas correspond to lower 
resistance to dispersal and high gene flow. 
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Figure 4: The results of a Structure Harvester analysis using the delta-K method from 
Evanno et al. (2005). The results of this test identified three Ambystoma opacum breeding 
clusters at Mammoth Cave National Park. 
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Figure 5: Histogram showing assignment probabilities of each population to one or more 
breeding clusters identified by the program Structure. Each column represents an 
individual, vertical lines delineate sampling populations, and colors indicate assignment 
probability of each cluster 
  
39	  
	  
Figure 6: Pie charts depicting results from Structure superimposed on a map of 
Mammoth Cave National Park. Colors indicate three breeding clusters identified by 
Structure, and the proportion of each pie chart represents assignment likelihood of each 
population to the breeding clusters 
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Table 1. UTM locations and sample sizes for 50 ponds at Mammoth Cave National Park. 
Population #	  individuals
1 579168.898 4112244.027 11
2 579913.36 4112779.179 13
3 580598.222 4115448.515 12
4 576802.53 4113373.769 13
5 576384.525 4118043.149 12
6 581276.212 4113635.444 12
7 581680.645 4113683.738 12
8 585057.857 4113384.323 11
9 584061.148 4112178.258 10
10 585167.61 4113595.132 10
11 581079.896 4114381.358 10
12 584120.036 4118367.74 10
13 580005.964 4111995.642 10
14 578895.009 4117207.576 10
15 583586.586 4121053.015 10
16 581665.164 4113540.462 10
17 580022.934 4113957.399 10
18 581665.04 4113644.754 11
19 577839.132 4112950.585 11
20 579500.781 4109446.789 12
21 582546.71 4110659.901 12
22 577337.301 4112866.078 11
23 578885.365 4109707.286 12
24 580302.362 4109232.486 12
25 579857.151 4109339.207 12
26 582071.286 4110589.797 12
27 580557.922 4115318.316 11
28 582472.748 4109231.246 10
29 582496.675 4110417.539 12
30 577425.074 4112977.834 11
31 570187.581 4118987.663 11
32 581428.232 4112238.937 10
33 578699.857 4119091.905 11
34 582548.629 4110917.325 12
35 584304.442 4110940.254 11
36 581708.619 4110799.297 11
37 582303.5 4111187.865 12
38 582185.314 4112923.089 11
39 573216.684 4119020.161 11
40 581990.292 4112887.902 10
41 573635.469 4117869.952 10
42 583230.636 4114437.854 11
43 575270.631 4117562.678 11
44 582168.962 4112778.693 12
45 582111.467 4113210.84 10
46 582305.636 4113241.583 12
47 582584.335 4115607.571 12
48 582139.51 4113066.878 11
49 582410.395 4109975.112 11
50 569306.204 4117619.023 11
Location	  (UTM)
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Table 1 continued 
  
Population #	  individuals
1 579168.898 4112244.027 11
2 579913.36 4112779.179 13
3 580598.222 4115448.515 12
4 576802.53 4113373.769 13
5 576384.525 4118043.149 12
6 581276.212 4113635.444 12
7 581680.645 4113683.738 12
8 585057.857 4113384.323 11
9 584061.148 4112178.258 10
10 585167.61 4113595.132 10
11 581079.896 4114381.358 10
12 584120.036 4118367.74 10
13 580005.964 4111995.642 10
14 578895.009 4117207.576 10
15 583586.586 4121053.015 10
16 581665.164 4113540.462 10
17 580022.934 4113957.399 10
18 581665.04 4113644.754 11
19 577839.132 4112950.585 11
20 579500.781 4109446.789 12
21 582546.71 4110659.901 12
22 577337.301 4112866.078 11
23 578885.365 4109707.286 12
24 580302.362 4109232.486 12
25 579857.151 4109339.207 12
26 582071.286 4110589.797 12
27 580557.922 4115318.316 11
28 582472.748 4109231.246 10
29 582496.675 4110417.539 12
30 577425.074 4112977.834 11
31 570187.581 4118987.663 11
32 581428.232 4112238.937 10
33 578699.857 4119091.905 11
34 582548.629 4110917.325 12
35 584304.442 4110940.254 11
36 581708.619 4110799.297 11
37 582303.5 4111187.865 12
38 582185.314 4112923.089 11
39 573216.684 4119020.161 11
40 581990.292 4112887.902 10
41 573635.469 4117869.952 10
42 583230.636 4114437.854 11
43 575270.631 4117562.678 11
44 582168.962 4112778.693 12
45 582111.467 4113210.84 10
46 582305.636 4113241.583 12
47 582584.335 4115607.571 12
48 582139.51 4113066.878 11
49 582410.395 4109975.112 11
50 569306.204 4117619.023 11
Location	  (UTM)
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Table 2. Details for 10 microsatellite loci developed for Ambystoma opacum  
	  
	  
  
Table	  2:	  Details	  for	  10	  microsatellite	  loci	  developed	  for	  Ambystoma	  opacum	   (Nunziata	  et	  al.	  2011).
Marker	  name Number	  of	  alleles Allele	  size	  range He H0 Repeat	  type F IS
Amop14 32 408-­‐478 0.926 0.874 dinucleotide 0.056
Amop18 12 403-­‐451 0.558 0.534 tetranucleotide 0.043
Amop27 23 203-­‐319 0.077 0.063 tetranucleotide 0.185
Amop29 26 406-­‐530 0.788 0.069 tetranucleotide 0.124
Amop31 26 231-­‐345 0.879 0.799 tetranucleotide 0.091
Amop33 17 309-­‐389 0.709 0.707 tetranucleotide 0.003
Amop34* -­‐ -­‐ -­‐ -­‐ tetranucleotide -­‐
Amop40 2 292-­‐301 0.257 0.284 tetranucleotide 0.000
Amop42 20 312-­‐388 0.918 0.890 tetranucleotide 0.030
Amop47** 17 224-­‐296 -­‐ -­‐ tetranucleotide -­‐
*Fai led	  to	  ampl i fy	  cons is tently
**Deviated	  from	  HWE
43	  
	  
Table 3. Five habitat categories and the habitat sub-categories that they comprise 
	  
  
Habitat	  Category List	  of	  Included	  Habitats
Successional	  Tuliptree	  Forest(Acidic	  Type)
Successional	  Black	  Walnut	  Forest
Beech	  -­‐	  Maple	  Unglaciated	  Forest
Interior	  Low	  Plateau	  Mesic	  Sugar	  Maple	  -­‐	  Hickory	  Forest
Successional	  Sweetgum	  Floodplain	  Forest
Sycamore	  -­‐	  Silver	  Maple	  Calcareous	  Floodplain	  Forest
Rich	  Levee	  Mixed	  Hardwood	  Bottomland	  Forest
Southeastern	  Successional	  Black	  Cherry	  Forest
Successional	  Tuliptree	  Forest(Circumneutral	  Type)
Rich	  Appalachian	  Red	  Oak	  -­‐	  Sugar	  Maple	  Forest
CentralInterior	  Beech	  -­‐	  White	  Oak	  Forest
Shumard	  Oak	  -­‐	  Chinquapin	  Oak	  Mesic	  Limestone	  Forest
Pin	  Oak	  Mixed	  Hardwood	  Depression	  Forest
Sinkhole	  Pond	  Marsh
Southern	  Cattail	  Marsh
Buttonbush	  Sinkhole	  Pond	  Swamp
Interior	  Low	  Plateau	  Chestnut	  Oak	  -­‐	  Mixed	  Oak	  Forest
Interior	  Dry-­‐Mesic	  White	  Oak	  -­‐	  Hickory	  Forest
Chinquapin	  Oak	  Unglaciated	  Bluff	  Woodland
Western	  Highland	  Rim	  Post	  Oak	  Barrens
White	  Oak	  –	  Mixed	  Oak	  Dry-­‐Mesic	  Alkaline	  Forest
Nashville	  Basin	  Shingle	  Oak	  -­‐	  Shumard	  Oak	  -­‐	  Chinquapin	  Oak	  Forest
Southern	  Red	  Oak	  Flatwoods	  Forest
Southern	  Red	  Oak	  -­‐	  Mixed	  Oak	  Forest
Interior	  Low	  Plateau	  Chestnut	  Oak	  Forest
Coniferous	  Forest Eastern	  Red-­‐cedar	  Successional	  Forest
Early-­‐Successional	  Shortleaf	  Pine	  Forest
Appalachian	  Low-­‐Elevation	  Mixed	  Pine/Hillside	  Blueberry	  Forest
East	  Central	  Hemlock	  Hardwood	  Forest
Virginia	  Pine	  Successional	  Forest
Virginia	  Pine	  -­‐	  Red-­‐cedar	  Successional	  Forest
Human	  Influence Water-­‐Willow	  Rock	  Bar	  and	  Shore
Highland	  Rim	  Limestone	  Cliff/Talus	  Seep
Rock
Soil
Agriculture
Lawn
Power	  Line	  Easement
Building
Commercial
Human	  Influence
Parking	  Lot
Road
Residential
Successional	  Broomsedge	  Vegetation
Cultivated	  Meadow
Blackberry	  -­‐	  Greenbrier	  Successional	  Shrubland	  Thicket
River Water
Wet	  Deciduous	  
Forest
Dry	  Deciduous	  
Forest
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Table 4. Analysis of molecular variance (AMOVA) for Ambystoma opacum at Mammoth 
Cave National Park 
 
  
Source df SS MS Est.	  Var. %
Among	  Pops 49 289.437 5.907 0.130 4%
Among	  Indiv 506 1530.011 3.024 0.160 5%
Within	  Indiv 556 1503.500 2.704 2.704 90%
Total 1111 3322.948 2.994 100%
F-­‐Statistics Value P(rand	  >=	  data)
Fst 0.043 0.001
Fis 0.056 0.001
Fit 0.097 0.001
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Table 5. Category resistance values for 75 different models with significant correlations 
to estimates of genetic differentiation. The model with the highest r-value is indicated in 
bold 
	  
  
Model WDF	  Resistance DDF	  Resistance CF	  Resistance HI	  Resistance W	  Resistance r p
m0 1 1 1 1 1 0.1154 0.0410
m1 1 1 1 1 2 0.1277 0.0310
m9 2 2 2 1 2 0.1017 0.0470
m40 2 2 2 1 3 0.1103 0.0340
m47 2 2 2 2 3 0.1236 0.0400
m48 1 1 1 1 3 0.1277 0.0310
m49j 1 1 1 1 3 0.1287 0.0482
m49k 1 1 1 1 2 0.1277 0.0310
m50a 11 12 13 14 15 0.1347 0.0198
m50c 11 12 13 14 8 0.1223 0.0316
m50e 11 12 13 14 25 0.1409 0.0256
m50f 11 12 13 14 20 0.1391 0.0220
m50g 11 12 13 14 30 0.1405 0.0299
m50h 11 12 13 14 35 0.1387 0.0378
m51a 100 101 102 103 104 0.1183 0.0298
m51b 100 101 102 103 250 0.1304 0.0350
m51c 100 101 102 103 200 0.1296 0.0292
m51d 100 101 102 103 225 0.1303 0.0323
m51e 11 12 13 20 25 0.1327 0.0394
m51f 11 12 13 10 25 0.1402 0.0203
m51g 11 12 13 5 25 0.1242 0.0391
m51h 11 12 13 10 20 0.1386 0.0161
m51i 11 12 17 10 20 0.1379 0.0398
m51j 11 12 13 10 15 0.1343 0.0174
m51o 11 11 11 10 20 0.1261 0.0284
m52a 11 11 13 10 20 0.1334 0.0350
m52b 11 11 12 10 20 0.1309 0.0300
m52c 11 11 14 10 20 0.134 0.0240
m52d 11 11 15 10 20 0.1336 0.0470
m52e 12 12 14 10 20 0.1312 0.0340
m53 10 10 10 10 10 0.1154 0.0360
m53b 9 10 10 10 10 0.1291 0.0186
m53e 7 10 10 10 10 0.1388 0.0245
m53f 6 10 10 10 10 0.1343 0.0400
m53i 10 11 10 10 10 0.1176 0.0243
m53j 10 12 10 10 10 0.1135 0.0329
m53l 10 10 9 10 10 0.1064 0.0450
m53m 10 10 11 10 10 0.1208 0.0384
m53n 10 10 12 10 10 0.1235 0.0374
m53o 10 10 13 10 10 0.1242 0.0467
m53r 10 10 10 9 10 0.1147 0.0354
m53s 10 10 10 11 10 0.1155 0.0386
m53t 10 10 10 8 10 0.1132 0.0346
m53u 10 10 10 12 10 0.1151 0.0406
m53v 10 10 10 10 9 0.1132 0.0370
m53w 10 10 10 10 11 0.1175 0.0324
m53x 10 10 10 10 12 0.1194 0.0290
m53y 10 10 10 10 13 0.1209 0.0296
m53z 10 10 10 10 14 0.1223 0.0298
m53aa 10 10 10 10 15 0.1238 0.0304
m53bb 10 10 10 10 16 0.1248 0.0283
m53cc 10 10 10 10 17 0.1258 0.0269
m53dd 10 10 10 10 18 0.1265 0.0300
m53ee 10 10 10 10 19 0.1271 0.0300
m53ff 10 10 10 10 20 0.1278 0.0346
m53gg 10 10 10 10 21 0.1282 0.0314
m53hh 10 10 10 10 22 0.1283 0.0323
m53ii 10 10 10 10 23 0.1285 0.0350
m53jj 10 10 10 10 24 0.1285 0.0360
m53kk 10 10 10 10 25 0.1285 0.0389
m53ll 10 10 10 10 26 0.1283 0.0435
m53mm 10 10 10 10 27 0.1282 0.0456
m54 7 11 13 11 23 0.1453 0.0381
m54c 8 11 13 11 23 0.1491 0.0276
m54d 7 10 13 11 23 0.147 0.0380
m54e 7 12 13 11 23 0.1397 0.0474
m54f 7 11 12 11 23 0.1437 0.0398
m54g 7 11 14 11 23 0.1453 0.0383
m54h 7 11 13 10 23 0.145 0.0365
m54i 7 11 13 12 23 0.145 0.0393
m54j 7 11 13 11 22 0.1454 0.0390
m54k 7 11 13 11 24 0.1449 0.0360
m54l 9 11 13 11 23 0.1486 0.0251
m54m 8 10 13 11 23 0.1477 0.0354
compton 0.06145 0.2386
46	  
	  
Table 5 continued 
Model WDF	  Resistance DDF	  Resistance CF	  Resistance HI	  Resistance W	  Resistance r p
m0 1 1 1 1 1 0.1154 0.0410
m1 1 1 1 1 2 0.1277 0.0310
m9 2 2 2 1 2 0.1017 0.0470
m40 2 2 2 1 3 0.1103 0.0340
m47 2 2 2 2 3 0.1236 0.0400
m48 1 1 1 1 3 0.1277 0.0310
m49j 1 1 1 1 3 0.1287 0.0482
m49k 1 1 1 1 2 0.1277 0.0310
m50a 11 12 13 14 15 0.1347 0.0198
m50c 11 12 13 14 8 0.1223 0.0316
m50e 11 12 13 14 25 0.1409 0.0256
m50f 11 12 13 14 20 0.1391 0.0220
m50g 11 12 13 14 30 0.1405 0.0299
m50h 11 12 13 14 35 0.1387 0.0378
m51a 100 101 102 103 104 0.1183 0.0298
m51b 100 101 102 103 250 0.1304 0.0350
m51c 100 101 102 103 200 0.1296 0.0292
m51d 100 101 102 103 225 0.1303 0.0323
m51e 11 12 13 20 25 0.1327 0.0394
m51f 11 12 13 10 25 0.1402 0.0203
m51g 11 12 13 5 25 0.1242 0.0391
m51h 11 12 13 10 20 0.1386 0.0161
m51i 11 12 17 10 20 0.1379 0.0398
m51j 11 12 13 10 15 0.1343 0.0174
m51o 11 11 11 10 20 0.1261 0.0284
m52a 11 11 13 10 20 0.1334 0.0350
m52b 11 11 12 10 20 0.1309 0.0300
m52c 11 11 14 10 20 0.134 0.0240
m52d 11 11 15 10 20 0.1336 0.0470
m52e 12 12 14 10 20 0.1312 0.0340
m53 10 10 10 10 10 0.1154 0.0360
m53b 9 10 10 10 10 0.1291 0.0186
m53e 7 10 10 10 10 0.1388 0.0245
m53f 6 10 10 10 10 0.1343 0.0400
m53i 10 11 10 10 10 0.1176 0.0243
m53j 10 12 10 10 10 0.1135 0.0329
m53l 10 10 9 10 10 0.1064 0.0450
m53m 10 10 11 10 10 0.1208 0.0384
m53n 10 10 12 10 10 0.1235 0.0374
m53o 10 10 13 10 10 0.1242 0.0467
m53r 10 10 10 9 10 0.1147 0.0354
m53s 10 10 10 11 10 0.1155 0.0386
m53t 10 10 10 8 10 0.1132 0.0346
m53u 10 10 10 12 10 0.1151 0.0406
m53v 10 10 10 10 9 0.1132 0.0370
m53w 10 10 10 10 11 0.1175 0.0324
m53x 10 10 10 10 12 0.1194 0.0290
m53y 10 10 10 10 13 0.1209 0.0296
m53z 10 10 10 10 14 0.1223 0.0298
m53aa 10 10 10 10 15 0.1238 0.0304
m53bb 10 10 10 10 16 0.1248 0.0283
m53cc 10 10 10 10 17 0.1258 0.0269
m53dd 10 10 10 10 18 0.1265 0.0300
m53ee 10 10 10 10 19 0.1271 0.0300
m53ff 10 10 10 10 20 0.1278 0.0346
m53gg 10 10 10 10 21 0.1282 0.0314
m53hh 10 10 10 10 22 0.1283 0.0323
m53ii 10 10 10 10 23 0.1285 0.0350
m53jj 10 10 10 10 24 0.1285 0.0360
m53kk 10 10 10 10 25 0.1285 0.0389
m53ll 10 10 10 10 26 0.1283 0.0435
m53mm 10 10 10 10 27 0.1282 0.0456
m54 7 11 13 11 23 0.1453 0.0381
m54c 8 11 13 11 23 0.1491 0.0276
m54d 7 10 13 11 23 0.147 0.0380
m54e 7 12 13 11 23 0.1397 0.0474
m54f 7 11 12 11 23 0.1437 0.0398
m54g 7 11 14 11 23 0.1453 0.0383
m54h 7 11 13 10 23 0.145 0.0365
m54i 7 11 13 12 23 0.145 0.0393
m54j 7 11 13 11 22 0.1454 0.0390
m54k 7 11 13 11 24 0.1449 0.0360
m54l 9 11 13 11 23 0.1486 0.0251
m54m 8 10 13 11 23 0.1477 0.0354
compton 0.06145 0.2386
 
 
 
 
  
